Abstract
Memory formation is crucial for the survival of animals. Here, we study the effect of different crh-1 (C. elegans homolog of mammalian CREB1) mutations on the ability of C.
elegans to form long-term memory (LTM). Null mutants in creb1/crh-1 are defective in LTM formation across phyla. We show that specific isoforms of CREB1/CRH-1, CRH-1c and CRH-1e, are primarily responsible for memory related functions of the transcription factor in C. elegans. Silencing of CRH-1e expressing neurons during training for LTM formation abolishes the long-term memory of the animal. Further, CRH-1e expression in RIM or AVE neurons is sufficient to rescue long-term memory defects of creb1/crh-1 null mutants. We show that apart from being LTM defective, creb1/crh-1 null mutant animals show defects in native chemotaxis behavior. We characterize the amino acids K247 and K266 as responsible for the LTM related functions of CRH-1 while being dispensable for it's native chemotaxis behavior. These findings provide insight into the spatial and temporal workings of a crucial transcription factor and can be further exploited to find CREB1 targets involved in the process of memory formation.
Introduction
Native behaviors are important to animals and many of these behaviors can be modified through experience. Native behaviors, in part, represent the hardwired neural circuitry put in place during the development of an animal (Tierney, 1986; Bateson and Mameli, 2007) .
Mutations that affect the native behavior could also alter the ability of animals to modify that particular behavior in response to experience. Hence, learning deficits that are attributed to certain alleles could sometimes arise due to underlying native behavioral defects. Here, we show the effect of different crh-1 (homolog of mammalian CREB1) mutations on native and learned chemotaxis behaviors in Caenorhabditis elegans.
C. elegans are soil dwelling nematodes that live on microbes as their food source. Their nervous system consists of 302 neurons. They show a variety of robust and adaptable behaviors like chemotaxis and thermotaxis (Hart, 2006; Ardiel and Rankin, 2010) . C. elegans move in a sinusoidal wave pattern. Under laboratory conditions, their continuous forward movement is punctuated by frequent stops and events of backward movement called as reversals. After each reversal, the probability of change in direction of movement increases significantly. One of the strategies deployed by C. elegans to move in response to a chemical gradient is to change the frequency of reversals in response to the gradient (Pierce-Shimomura et al., 1999) .
CREB1 (cAMP Response Element binding Protein 1), was initially characterized for its role
in long-term facilitation of the gill withdrawal reflex in Aplysia (Dash et al., 1990) . Neural activity dependent CREB1 activation in a defined set of neurons is one of the requirements for the process of long-term memory (LTM) formation (Flavell and Greenberg, 2008) . CREB1 null mutants have been shown to be defective in LTM formation across phyla (Silva et al., 1998) .
C. elegans have native preferences for certain type of odors. They detect metabolic byproducts of microbes as cues for finding their food. For example, under well fed naïve condition worms are attracted to AWC sensed odorants like isoamyl alcohol (Bargmann, 2006) . However, this odor to behavior relationship can be modified if worms are exposed to periods of starvation along-with chemo-attractants (Pereira and Kooy, 2012) . Likewise, neutral concentrations of butanone can be turned attractive when repetitively paired with food. These modified behaviors persist for 40 hours after training (Kauffman et al., 2011) .
The role of crh-1 in long-term memory formation has been described utilizing variety of training paradigms using the crh-1 null mutant strain crh-1(tz2) (Kauffman et al., 2010; Nishida et al., 2011; Timbers and Rankin, 2011; Lau et al., 2013; Xin et al., 2016) .
Chemotaxis behavior is generally used to assess the performance of memory formation and retrieval assays. Chemotaxis in C. elegans is dependent on a large number of subtle behaviors like reversals and head bending (Pierce-Shimomura et al., 1999; Iino and Yoshida, 2009; Larsch et al., 2015) . We have observed that the innate ability of worms to modulate reversals in response to external stimuli is a critical factor in determining the performance of C. elegans in chemotaxis assays, thereby affecting the readout of learning assays.
The role of crh-1 in defining long-term memory in C. elegans has only been partially understood. First, given its pleiotropy of function, it is unclear which crh-1 isoforms are involved in memory related functions. Second, the motifs on CRH-1 protein specifically involved in memory related processes are unknown. Third, the identity of neurons where crh-1 is required for memory formation is largely unknown. Here, we used CRISPR based mutagenesis to dissect out memory related functions of CREB1/CRH-1. Our experiments show that two of the six potential isoforms of CRH-1, CRH-1c and CRH-1e, are responsible for these functions. Further, amino acid residues Lys247 and Lys266 are critical for memory related functions of CRH-1 while being dispensable for native chemotaxis behavior. We have also identified AVE and/or RIM as the minimal set of neurons required for memory related functions of CRH-1.
Materials and Methods

Strains
C. elegans were maintained using standard methods (Brenner, 1974) . Wild-type N2 and crh-1(tz2) lines were obtained from the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN). Strains used in this study are listed in 3.
Constructs and Transgenes
The crh-1 isoforms (crh-1a-f) were cloned into the pPD49.26 vector backbone. crh-1b and crh-1c cDNAs were synthesized from Sigma-Aldrich and the rest were obtained by reverse transcription and PCR using wild type C. elegans RNA. The N2 (WT) or crh-1(tz2) mutant lines were used for transforming the CRH-1 isoforms. Transformations were done as described previously (Mello et al., 1991) . The rescue constructs and the promoter fusion constructs were injected in concentrations of 10-20ng/µl. pmyo-2::mCherry (2ng/µl) or pvha-6::mCherry (10ng/µl) or punc-122::GFP (25ng/µl) were used as co-injection markers. mCherry and GFP cDNA were cloned from pCFJ90 and pPD95.75 respectively.
The primers and plasmids used for the different cloning experiments are tabulated in Table   1 and 2 respectively.
Behavioral assays
Conditioning with isoamyl alcohol (IAA) and high temperature: A dry heating block was maintained at 37 o C. 20µl of 10% IAA (diluted in ethanol) was kept on a piece of cover glass on the heating block. A petri-plate containing C. elegans on E.Coli OP50 lawn was inverted onto the setup for 2 minutes (m). The training cycle was repeated 5 times with an inter-training interval of 10m (illustrated in Figure 1A ).
Chemotaxis assay and behavioral analysis: Trained animals were kept at 20 o C for 20-24 hours (h) unless mentioned otherwise. C. elegans were picked using an eyelash pick and allowed to crawl on an unseeded Nematode Growth Medium (NGM) plates for 30 seconds (s). Four to six animals were gently transferred to the center of 90mm NGM agar plates (without food). One µl of odorant (IAA (1%)/diacetyl (0.1%)) was kept at one end of the plate. Chemotaxis behavior was recorded for 10m using a 5 megapixel CMOS USB camera (Mightex) at 2 frames/s using a Mightex Camera Demo (v1.1.0) software.
Recordings were done in a peltier cooled incubator at 20 O Celsius. Video was analyzed using FIJI software (Schindelin et al., 2012) . In order to quantify their chemotaxis behavior, a non-dimensional index based on individual C. elegans trajectory was used (Equation 1). For the attractant, displacement was positive if the animal traveled up the gradient while it was negative if the animal traveled down the gradient (Luo et al., 2014) .
To quantify the reversal behavior of the C. elegans along a gradient containing an attractive cue, IAA, a dimensionless index based on individual animal movement was used (Equation
(1)
3.4. Quantitative PCR Total RNA was isolated using Trizol from WT animals grown to young adult stage. 50ng of total RNA was used for cDNA synthesis. qPCR was performed by using a Qiagen SYBR real time PCR kit. Isoform specific primers were used for amplification of the different crh-1 isoforms. The primers used are listed in in Table 1 . qPCR was done using Roche Light
Cycler 480. C t values were calculated using equation 3 with the Roche software. The data was analyzed using ΔC method (Equation 4).
3.5. Fluorescence Microscopy
Young adult hermaphrodites were used for imaging. Animals were mounted on 2% agarose pads with 10mM sodium azide solution in M9 medium. Images were acquired on a Leica SP6 upright laser scanning confocal microscope using the 40X oil immersion objective lens.
All images were processed and analyzed by FIJI.
3.6. Histamine supplementation 1M Histamine-dihydrochloride (Sigma-Aldrich, Cat No 53300) filter sterilized stock solution was prepared in distilled water. 10mM final working concentrations were used for all experiments. Histamine supplemented NGM plates were prepared as described previously (Pokala et al., 2014) .
Optogenetics
The str-2 promoter was used to drive AWC neuron-specific expression of Channelrhodopsin-2 (ChR2). Animals expressing ChR2 were grown on NGM agar plates seeded with OP50-containing 100μM all-trans retinal. The C. elegans were grown in the dark until late L4/early adult stages. The assay was performed on freshly seeded NGM plates. During the assay, ChR2 was excited by blue light (460-490 nm) using an epifluorescence unit (U-HGLGPS, Olympus) attached to the Nikon SMZ2000 microscope.
Worms were illuminated with blue light for 3s and reversal events were quantified. If any worm executed reverse movement for one body length it was counted as a reversal event.
Each worm was illuminated with blue light 8 times with 20s intervals between subsequent stimulation. Reversal probability was calculated by dividing number of reversal events with number of optogenetic stimulations. Each dot in the scatter plot indicates the reversal probability of a single worm under observation. The results were plotted as mean SD and evaluated using the standard Student's t-test. The experimenter was blind to the genotypes of the strains while performing these experiments.
Calcium Imaging
The genetically encoded Ca +2 indicator GCaMP expressing strain prig-3::GCaMP5 was used to visualize Ca +2 transients in the AVA command interneuron (Larsch et al., 2013) . 0.2μl drop of polystyrene beads (0.1μm) was added on the top of 10% agarose pad (prepared in M9). A single worm was kept on the drop containing beads. The animals were immobilized by putting a circular cover glass over it. ChR2 was excited by blue light (460-490nm) using an epifluorescence unit (U-HGLGPS, Olympus) and simultaneously calcium transients were recorded for 3.0s at a speed of 10 frames/s. Images were captured using micro manager software (Edelstein et al. 2014) . Image analysis was done using FIJI. A ROI was drawn over the AVA cell body. 3.9. CRISPR based genome editing CRISPR was used to create crh-1 isoform mutations as described previously (Dickinson and Goldstein, 2016) . Selection Excision Cassette (SEC) from the plasmid pDD287 was cloned along-with flanking loxP sites into pPD95.75. The resulting plasmid was used to clone homology arms (500-1500bp) and the desired genetic modification using restriction enzyme based cloning methods. 20 base pair guide RNA was cloned into pRB1017
(Supplementary Figure 2) . The plasmid mixture containing repair template (50ng/μl), sgRNA (20ng/μl), pJW1259 (50ng/μl), pCFJ90 (2.5ng/μl) and pvha-6::mCherry (10ng/μl) was injected into 20-30 adult hermaphrodite animals (containing 4-5 eggs). The
Worms were kept at 20 o C. After 60h of injection, the antibiotic hygromycin (250μg/ml) was added directly to the plates containing the injected worms. The C. elegans were left at 20 o C for 10 days. After 10 days 10-15 non-fluorescent rollers were singled out onto regular NGM plates. To remove SEC 30-40 L1-L2 animals from plates with 100% roller progeny were kept at 34 o C for 3-4h. Normal moving worms were isolated and target DNA was sequenced for desired modification (illustrated in Supplementary Figure 3 ).
Statistical analysis
Chemotaxis Index values of trained and untrained C. elegans were compared using the Student's t-test. The crh-1 isoform expression levels were compared using One way ANOVA. Error bars represent SD except for figure 5E (SEM). The level of significance was set as p<=0.05.
Results
Associative learning in C. elegans using isoamyl alcohol and high temperature
Previous studies have largely examined associative long-term memory (LTM) formation in C. elegans by pairing the presence/absence of food (unconditioned stimulus) with a variety of cues (Amano and Maruyama, 2011; Kauffman et al., 2011; Nishida et al., 2011) . Under these previously reported training conditions C. elegans could retain memory for up to 40
hours (h) (Kauffman et al., 2011) . Since studies have shown that starvation alone in the absence of any external stimulus is sufficient to induce the expression of CRH-1 in C.
elegans (Suo et al., 2006 (Suo et al., , 2009 , we were interested in developing training paradigm that was independent of the feeding state of the animal. To this end we developed a learning paradigm using isoamyl alcohol (IAA) and high temperature.
Worms were exposed to the vapors of IAA at high temperatures (37 o C) for 2 minutes (m) followed by a rest period of 10m at 20 o C, repeated five times (illustrated in Figure 1A ).
After 20-24h, the animals were allowed to crawl on a 90 mm NGM agar plate in response to IAA gradient. We observed significantly reduced chemotaxis index (CI) values for worms exposed to IAA at 37 o C (Figures 1B, plate images shown in Figure 1C and Supplementary
Figures 1A and B), while the CI values for worms exposed only to 37 o C temperature or IAA alone were comparable to naïve animals ( Figure 1B ). To understand whether learning is specific to the cues provided during training, we trained worms with heat and IAA pairing while testing the LTM after 24h with chemotaxis w.r.t. diacetyl and vice versa. IAA when paired with heat resulted in reduced chemotaxis to IAA while chemotaxis to diacetyl was unaffected and vice versa ( Figure 1D ). To negate the potentially harmful effects of the chemicals/high temperature used in training we measured the average crawling speed of worms that were subjected to various training conditions, these animals crawled at speeds comparable to naïve animals ( Figure 1E ). 
Long-term memory formation in C. elegans requires CRH-1c
and CRH-1e
The creb1/crh-1 gene is pleotropic in function, known to be involved in a variety of signaling pathways like cellular energy metabolism, ageing, memory formation, circadian rhythm etc. (Johannessen et al., 2004) . Using multiple isoforms of a protein to achieve functional diversity is a widely used strategy during the course of molecular evolution (Graveley, 2001; Touriol et al., 2003; Perrin and Ervasti, 2010) . In order to test if the above learning paradigm would allow us to parse out the isoform/s of CRH-1 required for long-
term memory, we first tested the crh-1 null mutant, crh-1(tz2) (depicted in Figure 2A ). We observed that trained wild type (WT) worms showed significantly reduced CI when compared to crh-1 null mutants ( Figure 2B ).
The crh-1 gene encodes seven different isoforms (crh-1 a-g) (Wormbase gene: WBGene00000793). We were able to clone cDNA for six of the seven isoforms (crh-1 a-f).
We performed a quantitative PCR experiment to examine the expression levels of the different isoforms of CRH-1 during the early adult stage of worms. We observed strikingly variable expression levels for the various isoforms indicating a possibility of functional diversity among the different isoforms ( Figure 2C ). In order to further investigate the function of CRH-1 in memory, different CRH-1 isoforms i.e. crh-1 (a-f) were cloned under the pan-neuronal rab-3 promoter and their ability to rescue the LTM defect in crh-1 null mutants was tested ( Figures 2D) . Five of the six CRH-1 isoforms (CRH-1a-e) are full-length proteins having both the KID (Kinase Inducible Domain) and the bZIP (DNA binding) domain, these five isoforms differ only in the N-terminal 30 amino acids, while CRH-1f is a truncated protein lacking the N-terminal KID motif (Supplementary Figure 1C) . We observed rescue of LTM formation in case of CRH-1c and CRH-1e expressing animals.
Moreover, pan-neuronal expression of the repressor isoform CRH-1f in WT animals inhibited memory formation ( Figure 2D ). To negate the potential artifacts of spatiotemporal misexpression and/or over-expression due to extrachromosomal arrays, we generated CRISPR mutants for different crh-1 isoforms and tested them for LTM defect ( Supplementary Figures 2 and 3) . Deletion of a, b and d isoforms by removing their first exon had no effect on LTM formation while worms without c and e isoforms were defective in LTM formation ( Figure 2E ). 
Expression of CRH-1e in RIM or AVE neurons rescues the learning defects of crh-1mutants
Under stimulus deficient environments, the movement of C. elegans can be described as a random walk. The presence of an attractant/repellent introduces a bias in this random walk strategy whereby the animal can suppress or enhance its reversal and turn frequency depending on whether it is moving towards or away from the attractant/repellent (PierceShimomura et al., 1999) . In order to test if naïve crh-1 null mutants showed any differences in their random walk pattern, we compared the reversal frequency of WT and crh-1 null mutants while they were moving on an NGM agar plate in response to an IAA gradient. Our results indicated that crh-1 null mutants were defective in modifying their reversal behavior in response to the varying attractant concentrations that they were experiencing while moving ( Figure 3A ). Reversal behavior in C. elegans is controlled by the command interneurons (AVA, AVD, AVE) and the RIM interneurons (Chalfie et al., 1985; Gray et al., 2005; Piggott et al., 2011) . To test whether CRH-1e is required in these neurons we used a transgenic line expressing CRH-1e under the control of nmr-1 promoter, which is expressed in five sets of neurons including AVA, AVD, AVE and RIM (Brockie et al., 2001 ). This line could completely rescue the reversal defect as well as the memory deficits observed in the creb1/crh-1 null mutants ( Figures 3A and B) .
The presence of a unique 5'UTR on CRH-1e mRNA along with its low mRNA expression levels (Wormbase gene: WBGene00000793 and Figure 2C ) suggests that its promoter sequence may be different from the other crh-1 isoforms. We expressed GFP under the control of a 2.7 kb DNA sequence upstream of the CRH-1e translation start site (henceforth termed as pcrh-1e). Consistent with remarkably low levels of expression in qPCR measurements ( Figure 2C ), we could observe the GFP expression in the pcrh-1e::GFP line in only a few head neurons, expression in the head neurons was also seen previously by Kimura et al who had done in situ hybridization of the crh-1 gene (Kimura et al., 2002) .
Colocalization experiments showed that the overlap in expression pattern of pnmr-1 was largely restricted to three pairs of neurons ( Figure 3C ). Based on the position of the overlapping neuron, we assessed that localization was seen in the AVA, AVE and RIM interneurons. The same was confirmed by co-expression experiments using neuron specific promoter marker lines for AVA (prig-3::mCherry), AVE (popt-3::mCherry) and RIM (pgcy-13::mCherry) (Fei et al., 2000; Ortiz et al., 2006; Feinberg et al., 2008) . We found that pcrh-1e::GFP localized to all these neurons ( Figures 3D, E and F) . To test where CRH-1e is required for memory formation we expressed CRH-1e under the control of crh-1e, rig-3, opt-3 and gcy-13 promoters. When tested for rescue of the associated memory phenotype with IAA and heat, we found that crh-1e, opt-3 and the gcy-13 promoters could significantly rescue the learning defects seen in crh-1 mutants ( Figure 3G ). Expressing CRH-1e in AVA using the rig-3 promoter did not rescue the associative memory defects of crh-1 mutants ( Figure 3G ).
A recent study has shown that the CRH-1a isoform is broadly expressed along the C. elegans body and rescued the aging defects seen in crh-1 mutants (Chen et al., 2016) . We were interested in finding out if CRH-1a was expressed in the command interneurons and in the RIM interneuron. In order to look for the localization of the crh-1a promoter in these neurons we made a pcrh-1a::GFP construct and look for the co-localization between pcrh1a::GFP and pnmr-1::mCherry. Our results indicated that there was no overlap between pcrh-1a expression and the command interneurons (data not shown) corroborating our hypothesis of functional diversity among CRH-1 isoforms. 
CRH-1 is required at the time of training
To study the temporal requirement of CRH-1e, we asked whether the activity of the CRH-1e expressing neurons is required at the time of training. We expressed HisCl1 under the control of pcrh-1e in WT animals and silenced the HisCl1 expressing neurons by growing the worms on histamine containing plates while executing the training protocol (from 10m before training to 2h after training) or during chemotaxis (20h after training till the end of the assay). Memory formation was completely abolished in the animals with silenced neurons during training while silencing during chemotaxis resulted in defective chemotaxis even in naïve animals ( Figure 4A ).
To test the requirement of CRH-1e during the acquisition/consolidation phase of memory formation, we expressed CRH-1e under the control of the heat shock promoter (phsp16.41) and used these animals to rescue the crh-1 mutant phenotype. CRH-1e induction was done either 3h before training or 3h before chemotaxis. We observed that CRH-1e induction before training could largely rescue the learning defects, while induction before chemotaxis could not rescue the learning defect ( Figure 4B ). These results suggest that CRH-1e is required at the time of acquisition and/or consolidation phase of memory formation in crh-1 mutant animals. smaller and featureless N-terminal region. We hypothesized that the absence of these additional N-terminal residues is crucial for the functioning of CRH-1c and CRH-1e in LTM related processes. We added inert 3xHA tag to the N-terminal of CRH-1c and e (3xHA::CRH-1c,e) using CRISPR and tested these worms for the formation of LTM. Our experiments suggest that there was no significant difference in chemotaxis indices of trained and untrained 3xHA::CRH-1c,e animals ( Figure 5A ).
Null mutants of crh-1 are defective in long-term memory formation. Naïve crh-1 worms also show reduced chemotaxis indices compared to WT animals ( Figure 5B ). This defect is partially due to the inability of crh-1 mutant animals to modulate reversal frequency in response to chemical gradients ( Figure 3A) . Therefore, observed learning defects in the crh-1 mutant worms appear to be the compounded effect of learning deficit as well as defective native chemotactic behavior.
There are reports of dendritic localization of CREB1 (Crino et al., 1998) . This increases the possibility of nuclear localization of CREB1 in response to dendritic stimulation. Moreover, SUMOylation dependent nuclear localization of CREB1 has been found to be critical for long-term memory formation in mouse (Chen et al., 2014) . K285 and K304 have been identified as CREB1 SUMO acceptor sites in mouse (Comerford et al., 2003) . To test for the possible involvement of these residues we generated K247R/K266R (corresponding to K285
and K304 in mouse CREB1) C. elegans using CRISPR. These mutant animals were trained and tested for the LTM phenotype. We observed that K247R/K266R mutant worms were defective in LTM formation while their naïve behavior was comparable to that seen in WT animals ( Figure 5C ).
The ability to modulate reversal frequency in response to chemical gradients is one of the primary factors mediating chemotactic behaviors in worms. We tested the effect of K247R/K266R mutations on the ability of C. elegans to initiate reversals in response to AWC activity. We optogenetically activated the AWC neuron and recorded the reversal probability of WT and K247R/K266R animals under naïve and trained conditions. Naïve WT and K247R/K266R animals showed similar reversal frequencies while trained worms showed significantly increased reversal frequencies with the K247R/K266R animals showing lower reversal probability in comparison to WT control animals ( Figure 5D ). To understand whether K247R/K266R mutations have any effect on AVA firing in response to AWC activity we optogenetically activated AWC for 3.0s while simultaneously imaging AVA using GCaMP-5G. While trained WT worms showed significant increase in the probability of AVA firing upon AWC activation there was no such increase seen in case of K247R/K266R
(indicated as KR in Figure 5F ) animals ( Figure 5E and F). These data suggest the involvement of K247 and K266 residues in regulating the AVA firing and reversal probability of worms under specific training conditions. figure 5E (SEM).
Discussion
The role of CREB1 is well documented in the studies on learning and memory across phyla.
It has been described as one of the main inducers of immediate early genes (IEGs) expressed in response to experience dependent neural activation (Alberini, 1999).
However, functional pleiotropy of CREB1 remains a major bottleneck in studying CREB1
dependent IEGs that are activated specifically in response to experience dependent neural activation. Here, we describe the functional specialization of CRH-1 isoforms in C. elegans.
Our experiments show that C. elegans lacking CRH-1c and CRH-1e are defective in LTM formation while having normal native chemotaxis function. Null mutants of crh-1 are defective in showing native as well as learned behavior. Restricted expression of CRH-1e in a small subset of neurons indicates functional specialization of the isoform in C. elegans. In Aplysia and Drosophila, it has been shown that different isoforms of CREB1 can repress and facilitate the process of memory formation (Yin et al., 1995; Yin and Tully, 1996; Bartsch et al., 1998) . However, what separates CRH-1 isoforms from their CREB1 orthologs is their remarkable sequence similarity yet striking functional diversity. Spatial segregation is an efficient way of exploiting different functional properties of proteins. CRH-1e and CRH-1a have different expression patterns (this work and (Chen et al., 2016) ) and this spatial segregation can explain their functional segregation. However, this might not be the whole story here since pan neuronal expression of CRH-1e cDNA could rescue the memory defects of crh-1 null mutants; while expressing CRH-1a, the isoform that could rescue aging defect of null animals (Chen et al. 2016) , could not rescue memory defects. Apart from the expression pattern differences CRH-1 isoforms also have small differences in their primary amino acid sequences, which are restricted to the N-terminal of the protein. It is possible that these small differences result in significantly altered tertiary structures as seen in other proteins (Goda et al., 2000; Korepanova et al., 2001) , hence affecting activation dynamics or subcellular localization of the different protein isoforms (Crino et al., 1998) . CRISPR mutants with K247R/K266R are defective in learned response while having normal native response to IAA gradient. SUMOylation of homologous residues has been shown to be associated with LTM defects in rats undergoing water maze test. It is yet to be seen whether K247 and K266 are targets for SUMOylation in C. elegans.
Lau et al have shown that NMR-1 dependent associative memory defect is rescued by expressing NMR-1 in the RIM interneuron among other neurons (Lau et al. 2013) . Previous work has
shown that the glutamate receptor, GLR-1 function is necessary for LTM formation in C.
elegans (Rose et al., 2003) . AVE and RIM both express NMR-1 and GLR-1 and are connected to each other through gap junctions (Brockie et al., 2001; Kano et al., 2008; Kawano et al., 2011; Piggott et al., 2011; Lau et al., 2013) . This along with our data makes it conceivable that RIM and AVE could be functioning together in the process of memory formation. Further, Xin et al have recently shown that the interneurons RIM and AIB are required for CRH-1 mediated imprinted memory formation, while the interneurons AIY and RIA are required for retrieval of the memory (Xin et al., 2016) . Our results also show that presence of functional CRH-1e in RIM or AVE is sufficient for overcoming LTM formation defect in crh-1 null worms. Both long-term associative memory and long-term habituation implicate CRH-1 in RIM neurons (Timbers and Rankin, 2011) . Even though different neural circuits are activated by the training paradigms used in these studies, both paradigms operate in part by modulating the naïve reversal behavior in response to a cue. Consistent with these observations our experiments implicate K247 and K266 in modulating reversal probability in trained worms upon AWC activation through channelrhodopsin. Moreover, CRH-1 (K247R/K266R) trained animals have diminished AWC dependent AVA activation as measured by GCaMP5 mediated calcium imaging. This suggests that CRH-1 dependent genes might provide substrates for experience dependent modulation of AVA activity and reversal behaviors in C. elegans.
AVA activity is highly correlated with reversal behavior in C. elegans (Gray et al., 2005; Ben Arous et al., 2010; Bhardwaj et al., 2018) . The Ability to modulate AVA activity in response to sensory neuron activation provides for an important control point of behavioral modification through reversal modulation. In a parallel set of experiments, we have found that learning in worms is specific to the cue that was presented at the time of training.
Therefore, given the strong correlation of AVA activity and reversal event it was surprising to find that expression of CRH-1e in AVE and RIM is sufficient to restore LTM defect in crh-1 null mutants. AVA is heavily connected with AVE (44 incoming chemical synapses) and RIM (6 electrical synapses, 3 incoming chemical synapses) (White et al., 1986 Supplementary Figure 1 (A) Cartoon of a typical chemotaxis plate. 4-6 C. elegans are kept near the center of the plate and 1 µl of 1% IAA is kept at one end of the plate (dashed circle). A video is recorded as the animals move for 10 minutes using a 5 megapixel USB camera at 2 fps. C. elegans tracks are analyzed and the chemotaxis index is calculated.
(B)Cartoon of calculation of C. elegans displacement using worm tracks. The worm tracks are generated by FIJI using temporal color code. The distance travelled by the worm is measured by following the track using the segmented line tool in FIJI. In order to measure the displacement in the direction of the attractant, the shortest distance from the end of the 
N-terminal of CRH-1 isoforms
